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We report a unique shell margin that differed from the usual shell structure of Pinctada fucata. We observed empty organic 
envelopes in the prismatic layer and the formation of the nacreous layer in the shell margin. All the characteristics of the 
growing margin indicated that the shell was growing rapidly. To explain this anomaly, we propose the concept of “jumping 
development”. During jumping development, the center of growth in the bivalve shell jumps forward over a short time interval 
when the position of the mantle changes. Jumping development explains the unusual structure of the anomalous shell and the 
development of annual growth lines in typical shells. Annual growth lines are the result of a discontinuity in the shell micro-
structure induced by jumping development.  
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Bivalves produce annual growth lines in the cross-section of 
their shells that closely resemble the annual rings in trees 
and the annual growth bands in corals [1–3]. The annual 
growth increment is typically measured as the height of the 
shell between two adjacent lines [4,5]. These lines can be 
used to reliably determine the age of an individual bivalve 
[6–8]. The variation in shell growth rates between different 
years is indicative of environment changes [9]. For example, 
shell growth rates vary with changes in temperature and 
food supply [2,10]. These traits have proven useful in eco-
logical, geochemical, and paleontological studies for as-
sessing the effects of a range of biological, anthropogenic, 
and environmental stressors [4,11–15]. 
Bivalves are an ideal indicator of environmental changes  
for several reasons. The majority of species are long-lived 
which allows the study of environmental changes over a 
long period of time [16]. Furthermore, bivalves are widely 
distributed, inhabiting fresh water, coastal waters, the deep 
sea, and several habitats that are characterized by extreme 
environmental conditions [11,17,18]. The growth patterns 
of bivalve shells can be used to study both recent and his-
toric changes in local and seasonal climates [19]. Moreover, 
differences in the pattern of growth in a single species can 
be used to study the adaptation of organisms to different 
environmental conditions. Last, ~20000 species of marine 
bivalves have been documented to date, representing a rich 
diversity of life histories. However, the impact of environ-
mental factors on the natural population of bivalves can 
only be studied once the annual growth patterns are cali-
brated for a given population [8,20,21]. 
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Although shell growth rates are influenced by environ-
ment factors, a one-to-one relationship between a given 
factor and a given rate has not been established. This is 
partly because the mechanism of the formation of annual 
growth lines is poorly understood. Based on our analysis of 
a unique growth band discovered in the shell margin of a 
Pinctada fucata individual, we propose the concept of 
“jumping development” in bivalve shells to explain the 
formation of annual growth lines.  
1  Materials and methods 
We obtained pearl oyster, P. fucata, individuals from the 
Guofa Pearl Farm in Beihai, Guangxi Province, China. A 
single shell, collected in October 2007, contained a unique 
growth margin. This shell is hereafter referred to as the 
anomalous shell. The remaining 20 shells used in this study 
did not contain this unique margin and are therefore referred 
to as “typical” shells. The shells were ~4.5–6.0 cm in di-
ameter and 32–40 g in wet weight. The shells were cleaned 
and air dried, then the regions of the shell containing only 
the prismatic layer were separated from the regions con-
taining both the prismatic layer and the nacreous layer. The 
tissue containing only the prismatic layer was coated with 
gold and observed using scanning electron microscopy 
(SEM). We compared SEM images of the margin of the 
anomalous shell with those of the typical shells. In addition, 
we compared the morphology of the different regions of the 
unique growth band with the previously reported micro-
structure of other shells. We used the Raman spectra to 
identify the nature of the crystals in the unique growth band. 
The Raman spectra were recorded at an excitation wave-
length of 514 nm, provided by an argon laser (limited to 4.6 
mW). 
2  Results 
The anomalous shell exhibited a unique margin on the inner 
surface of the shell (Figure 1A and B), outside the region 
containing the mature prismatic layer. The widest part of 
this band was 1 mm. The newly forming prismatic layer in 
this unique margin possessed the same characteristics as the 
mature prismatic layers of other taxa. Each prism was sur-
rounded by an interprismatic organic envelope (Figure 1B). 
In addition, small empty organic cavities and large devel-
oping organic cavities were visible in the recesses of the 
margin (Figure 1A and B, white arrows). The surface of the 
growing prism was raised and exhibited a concentric pattern, 
which is distinctly different from the flat surface of a mature 
prism (Figure 2A). 
The unique band contained laminate-like structures (Fig-
ure 1A). The Raman analysis revealed a sharp peak at 1085 
cm–1, confirming that the crystals in these structures were 
aragonites (Figure 1F). The morphology indicates that they 
constitute the nacreous layer (Figure 1D). The nacre growth 
in the unique band differed from the generic growth ob-
served in the nacreous layer of other shells. The nacreous 
layer in the unique margin (Figure 1D) was similar in shape 
to the fractured nacreous layer. Compared with the fractured 
nacreous layer, the hierarchy between layers is clear and the 
lines between layers are smooth [22]. 
The unique margin contained two organic layers sepa-
rated by aragonite crystals. The first organic layer covered 
the aragonites (Figure 1A). The organic layer between the 
exposed growth band and the mature prismatic layer (Figure 
2A) constituted the inner surface of the shell. The transition 
between the organic layer and mature prismatic layer was 
visible ~8 mm from the shell margin (Figure 2B) illustrating 
the formation of the organic layer. The organic envelope 
surrounding the prism is formed by the addition of an or-
ganic matrix to its surface (Figure 2C). The organic matrix 
is continuously added and grows toward the center of the 
prisms’ surface (Figure 2D) until the surface is completely 
covered by the organic matrix. The trail of the raised or-
ganic envelope is ultimately invisible (Figure 2E). The sec-
ond organic layer consists of an organic interlayer that cov-
ers the earlier formed prismatic layer. Aragonites grow 
quickly on this layer (Figure 1B and E).  
In a typical P. fucata shell, the edge consists of an outer 
periostracum that is not visible on a SEM map and an inner 
prismatic layer, both of which are mature structures (Figure 
1C). We did not observe the unique band in any of the 20 
typical shells. 
3  Discussion 
3.1  The difference in microstructure between the 
unique band and typical shells 
The unique margin of the anomalous shell consists of five 
layers. These include, in order from the outer to the inner 
layer, an outer periostracum, a growing prismatic layer, 
an organic nacre-prism interlayer, a growing nacreous 
layer, and an organic layer covering the nacreous layer 
(Figure 1A). Together, these layers constitute the growth 
front of the shell. Given this, it is interesting that so many 
of these layers differ in structure from those of the typical 
shells.  
Historically, it was thought that the interprismatic or-
ganic membrane of the prism was created by squeezing be-
tween the prisms during their formation [23,24]. However, 
Checa et al. [25] proposed that calcite grows in organic 
cavities that are formed at an earlier stage. Although organic 
macromolecules are believed to self-assemble into regular 
structures in vitro during the process of shell biomineraliza-
tion, empty organic envelopes cannot always be observed in 
the prismatic layer in typical shells (Figure 1C), as was the  
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Figure 1  SEM images of the shell margin of a special Pinctada fucata shell and a typical P. fucata shell. P, the calcite prismatic layer; T, the prism-nacre 
transition; N, the aragonite nacreous layer; O, the organic layer covering the newly formed nacreous layer. A, The unique growing shell margin in the 
anomalous shell. The upgrowth sequence of every layer is in accordance with the development of the general shell. Scale bar=1 mm. B, The broadest part of 
the unique growing shell margin in the anomalous shell. Scale bar=100 μm. C, The mature prismatic layer in the margin of a typical shell. Scale bar=100 μm. 
D, Enlarged image of the boxed region in A. Scale bar=10 μm. E, Enlarged image of the boxed region in B. Scale bar=20 μm. F, Raman spectrum analysis of  
the crystal in D. The direction of growth is from right to left in the shell. 
case in the unique margin in this study. We propose that the 
location of the empty cavities indicates that they are not the 
result of seawater cauterization. Thus, the organic envelope 
formed prior to the biomineralization of the calcite prisms. 
We hypothesize that the mantle first secretes the perio-
stracum then secretes organic macromolecules onto the pe-
riostracum to develop the organic cavities. Organic macro-
molecules form a wall-like envelope on the periostracum 
and separate this envelope into small organic cavities.  
The most unusual feature of the margin in the anomalous 
shell is that the nacreous layer occurs in the shell margin. 
Moreover, the pattern of growth of the nacre in the growth 
band was unusual (Figure 3A). Growth did not resemble 
simple ladder-like growth (Figure 3B), the typical pattern of 
a generic nacreous layer [26], and some layers appeared to 
shrink regularly (Figure 1D). We named this unique pattern 
“complex ladder-like growth”. When the height of the two 
kinds of nacreous layer is equal (h1=h2), the breadth of the 
growth surface is far narrower than that seen in simple lad-
der-like growth (b1<<b2, Figure 3A and B). Complex lad-
der-like growth results in a more stable and harder nacreous 
layer. We propose that it also can lead to a step-growth pat-
tern of the nacre at the inner surface of the shell (Figure 3C). 
The first organic layer found in the anomalous shell margin  
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Figure 2  SEM images of the formation of the organic layer covering the nacreous layer in the unique growing shell margin. O, the organic layer covering 
the newly formed nacreous layer. A, The mature prismatic layer ~8 mm from the special growing shell margin. B–D, The transition of the mature prismatic 
layer and the organic layer covering the nacreous layer. E, The organic layer covering the nacreous layer. Scale bar=20 μm in A–C; scale bar=100 μm in D;  
scale bar=10 μm in E. The direction of growth is from left to right in the shell. 
 
Figure 3  Models of growth in the nacreous layer of the growth band in the 
anomalous shell and typical shells. A, The complex ladder-like growth of 
the nacreous layer in the unique band of the anomalous shell. B, The simple 
ladder-like growth of the nacreous layer in a typical shell. C, The step  
growth of the nacreous layer in the unique band of the anomalous shell. 
was not found in other areas in the shell or in other typical P. 
fucata shells. Thus, it is a unique structure that was formed to 
protect the newly formed nacreous layer. An interesting 
characteristic of this layer is that its direction of growth is 
opposite the direction of shell growth. The organic inter-
layer between the prismatic layer and nacreous layer is 
similar to the prism-nacre transition layer in a typical shell, 
and the layers have the same action. The nacreous layer 
grows on the organic interlayer. Thus, we believe that it is a 
natural structure in the shell, although it differs from the 
prism-nacre transition in appearance. 
All of the characteristics of the anomalous shell margin 
suggest that it was growing rapidly. In the newly forming 
prismatic layer, the prisms appear to have been recently 
formed. Calcites grow quickly immediately after the forma-
tion of organic envelopes and the surface of the prismatic 
layer was covered by the organic interlayer (Figure 1E) be-
fore it grew to form the smooth mature prismatic layer 
(Figure 1C). The organic interlayer provides the surface for 
the first nacre nucleation. However, we were unable to ob-
serve the nucleation of the nacre. In addition, we did not 
observe the growth of the aragonite plates to their normal 
size. The complex ladder-like growth pattern results in a 
stable nacreous layer and also shortens the growth time. 
Thus, growth expands rapidly and the new nacreous layer 
grows over the first organic layer when the growth of the 
unique band is complete. 
3.2  Mechanism for the formation of annual growth 
lines in bivalve shells 
This rapid growth could account for the observed differ-
ences between the layers in typical shells and those in the 
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unique growing shell margin. However, the following ques-
tions remain: Why did the nacreous layer occur in the shell 
margin and why did the special growing shell margin form? 
The mantle secretes matrix macromolecules to control the 
growth of the shell, thus any change in the mantle affects 
shell growth. Different zones of the mantle play different 
roles in shell growth [27]. Biomacromolecules secreted by 
the central zone of the mantle construct the nacreous layer 
and those secreted from the edge of the mantle construct the 
prismatic layer. Thus, when the position of the mantle 
changes relative to the shell, shell growth will become disor-
dered. It does not seem possible for the position of the mantle 
relative to the shell to change in nature. However, it is inter-
esting that the nacreous layer formed outside the mature 
prismatic layer in the growth band. If the relative position is 
unchangeable, the nacreous layer will never occur in the 
margin of the shell. Thus, the most probable explanation for 
the formation of the unique growing shell margin is that a 
change in the pattern of growth occurred in the anomalous 
shell, which in turn changed the position of the mantle. 
We propose the following scenario for the development 
of the unique growing shell margin and of annual growth 
lines. We hypothesize that the speed of growth of the shell 
does not always match the speed of growth of the mantle. 
Cell multiplication in the central zone of the mantle is more 
rapid than that in the marginal zone of the mantle [28] and 
the speed of growth is faster in bivalves cultured in high 
temperatures than at low temperatures. When the central 
zone of the mantle grows rapidly in high temperatures and 
the shell cannot keep up, the mantle will pucker inside the 
shell (Figure 4A and B). Thus, a change in the growth pat-
tern of the shell will occur before the shell growth and man-
tle growth resynchronize (Figure 4C and D). When the 
mantle puckers, it spreads so that the edge of the mantle 
moves from the normal position and the area of the mantle 
that secretes matrix macromolecules to form the nacreous 
layer covers the prismatic layer. Because the growth of the 
shell in this manner is discontinuous and paroxysmal, we 
termed it “jumping development”. When the mantle puckers 
and the position of the mantle changes, the normal pattern 
of growth is disrupted. Mantle secretion does not stop, but 
the matrix macromolecules cannot accurately direct 
biomineralization in either the prismatic layer or the nacre-
ous layer. The new prismatic layer forms first on the margin 
of the shell. Part of the central zone of the mantle will cover 
the mature prismatic layer. Thus, a belt of the nacreous 
layer forms on the new prismatic layer at the shell edge be-
cause the matrix macromolecules secreted by this area of 
mantle direct formation of the nacreous layer. The unique 
growing shell margin is formed during this process (Figure 
4D). Moreover, the growth of the nacreous layer and pris-
matic layer in other areas will not be continuous. Thus, the 
prism-nacre transition disappears and new nacreous layers 
form directly on the surface of prismatic layers and the old 
nacreous layer. This state remains until the growth of the 
mantle once again corresponds to the growth of the shell. 
These processes create the discontinuity in the microstruc-
tures of the prismatic and nacreous layers. The discontinuity 
of the two layers results in the formation of annual growth 
lines in the cross section of shells. Thus, the surface of the 
old prismatic layer and nacreous layer represents the loca-
tion of the annual growth line (Figure 4E). Because the 
growth surface of the mineralized structure is changed, the 
macromolecules that have been deposited cannot direct the 
biomineralization process continuously until shell growth 
becomes order-continuous again.  
The content of organic matrix in the area of annual 
growth lines is higher than that in other areas [29]. The 
formation of the organic layer covering the nacreous layer 
in the unique growing shell margin can be explained by this 
phenomenon. The ultimate fate of the deposited organic 
matrix is represented by the organic layer covering the spe-
cial growing shell margin (Figure 2E). When the secretion 
of organic macromolecules proceeds, it covers the original 
prismatic layer entirely and disrupts the pattern of growth in 
the old nacreous layer. Thus, the jumping development of P. 
fucata represents paroxysmal growth of the shell that results 
from the disaccord between the growth of the mantle and 
the shell. Different rates of cell proliferation during differ-
ent seasons and in different zones of the mantle explain the  
 
 
Figure 4  Jumping development and the formation of annual growth lines. 
A, The mantle and shell of P. fucata. B, The mantle puckers because of 
mantle overgrowth. C, A new prismatic layer forms when the mantle 
moves forward because of the power generated by the pucker. D, The 
unique growing shell margin forms when part of the central zone, which 
secretes organic macromolecules that control nacre formation, covers the 
prismatic layer. E, Annual growth line forms when the new nacre covers  
the unique growing shell margin and nacreous layer. 
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disaccord. Annual growth lines result from the discontinuity 
in the microstructures of shells induced by jumping devel-
opment. 
Our hypotheses advance a relationship between the mantle 
and annual patterns in the shell. Attempts to understand forc-
ing and feedbacks within the aquatic ecosystem require that 
the effect of environmental factors such as temperature and 
food supply [9] on the growth rates of shells in different years 
be measurable. Past studies of annual growth lines have fo-
cused on changes in shell microstructure. However, the in-
stantaneous changes in microstructure that occur are difficult 
to measure in real time because correlative indexes of micro-
structures do not exist. However, indexes of bivalve mantles, 
such as gene expression, protein secretion, enzyme activity, 
and cell multiplication may be used to characterize the 
changes that occur in the mantle. Norkko et al. [17] used nu-
cleic acid ratios as a measure of protein synthesis potential and 
examined the possibility of using this ratio to assess short-term 
growth rates in a range of marine organisms. By studying the 
characteristics of the mantle and variations in these character-
istics that occur over space and time, a one-to-one correspon-
dence between environmental factors and bivalve mantles 
may be established. Such indexes for bivalve mantles also 
represent the factors that influence shell formation. Therefore, 
correlations between environmental factors and annual growth 
rates of shells throughout a bivalve’s lifetime can be detected 
and measured within real time.  
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